following correction should be noted. In Fig. 1b , the designed sequence of amino acids S 36 contains a typographical error in that only 35 of its 36 monomers appear. The missing amino acid is of type R and should be located between amino acids E (sixth) and G (seventh). The correct sequence is:
. Identification of the most abundant signals in the ESI mass spectra of total lipid extract of CHO cells, as given in Fig. 1 Medical Sciences. In the article "Osteopontin-deficient mice are resistant to ovariectomy-induced bone resorption" by Hiroyuki Yoshitake, Susan R. Rittling, David T. Denhardt, and Masaki Noda, which appeared in number 14, July, 1999, of Proc. Natl. Acad. Sci. USA (96, (8156) (8157) (8158) (8159) (8160) , the authors request the following correction. In the 9th line in the first paragraph and in Table 3 on page 8158, the unit in the text and the third subheading under Parameters in the table are incorrectly listed as BFR͞BV, m 3 ͞m 2 ͞day. The correct listing is BFR͞BV, %͞year.
Medical Sciences. In the article "Cancer-specific chromosome alterations in the constitutive fragile region FRA3B" by Koshi Mimori, Teresa Druck, Hiroshi Inoue, Hansjuerg Alder, Lori Berk, Masaki Mori, Kay Huebner, and Carlo M. Croce, which appeared in number 13, June 22, 1999, of Proc. Natl. Acad. Sci. USA 96, 7456-7461, the following correction should be noted. FHIT exon 4 was misplaced in Figs. 1 and 2. Its true placement is Ϸ40 kilobase pairs further centromeric at base pairs 162581 to 162673 of GenBank submission AF152363. Thus, the length of intron 4 is 284935 base pairs and the markers D3S4489 and D3S4260 and the proximal aphidicolin-induced hybrid breaks are telomeric to exon 4, i.e., in intron 4.
Microbiology. In the article "A set of independent selectable markers for transfection of the human malaria parasite Plasmodium falciparum" by Choukri Ben Mamoun, Ilya Y. Gluzman, Sophie Goyard, Stephen M. Beverley, and Daniel E. Goldberg, which appeared in number 15, July 20, 1999, of Proc. Natl. Acad. Sci. USA (96, 8716-8720), the authors request the following corrections. In Experimental Procedures (page 8717), under "P. falciparum Transfection and Selection of Transfectants," there was a typographical error in the concentrations of G418 used for selection. The correct concentrations are 300, 500, or 1,000 g/ml. Under "BSD Enzyme Assay," there was a typographical error in the volume of cultured parasitized red blood cells used. The correct volume is 12 ml. In Results (page 8718, line 24 in column 2), the sentence should read: "Varying amounts of either gene were slotted onto the blot, corresponding to the amount of DNA that would be present per microgram of total DNA if there were 1-35 copies of the construct per cell." Neurobiology. In the article "Bilirubin, formed by activation of heme oxygenase-2, protects neurons against oxidative stress injury" by Sylvain Doré, Masaaki Takahashi -31) . This figure uses the same data set as Table 1 .
FIG. 2. Mutations in unc-64
and unc-31 do not enhance the longevity of daf-2 mutants. Animals were grown at 15°to allow development past the dauer stage and then were shifted to 20°. unc-64; unc-31 had a significantly longer life span than either unc-64 (P ϭ 0.0002) or unc-31 (P ϭ 0.0005). The daf-2 unc-64 double mutant and daf-2 were not significantly different (P ϭ 0.5139). The maximum life span of daf-2 unc-64 was extended to Ͼ100 days by a single animal. We have not investigated whether this has any possible significance. This figure uses the same data set as Table 2 . kilobase region between FHIT exon 5 and the telomeric end of intron 3, a region known to encompass a human papillomavirus-16 integration site and two clusters of aphidicolininduced chromosome 3p14.2 breakpoints, we have precisely mapped 10 deletion and translocation endpoints in cancerderived cell lines relative to positions of specific repetitive elements, regions of high genome f lexibility and aphidicolininduced breakpoints. Conclusions are (i) that aphidicolininduced breakpoint clusters fall close to high-f lexibility sequences, suggesting that these sequences contribute directly to aphidicolin-induced fragility; (ii) that 9 of the 10 FHIT allelic deletions in cancer cell lines resulted in loss of exons, with 7 deletion endpoints near long interspersed nuclear elements or long terminal repeat elements; and (iii) that cancer-specific deletions encompass multiple high-f lexibility genomic regions, suggesting that fragile breaks may occur at these regions, whereas repair of the breaks involves homologous pairing of f lanking sequences with concomitant deletion of the damaged fragile sequence.
Fragile sites are specific chromosomal regions that appear as gaps or breaks on metaphase chromosomes after the exposure of cells to specific reagents. Fragile sites may be inherited or constitutive, and representative fragile sites of both types have been studied at the molecular level (1, 2) . FRA3B, FRA7G, and FRA7H, 3 of the 84 common fragile sites listed in the Genome Database have been studied in detail (2) . The molecular basis for occurrence of common fragile sites is unknown, although it has been suggested that late replication of these chromosome regions contributes to their fragility (3) (4) (5) . Because the candidate tumor suppressor gene, FHIT, encompasses the FRA3B and is inactivated by deletion in a large fraction of human cancers, we have been interested in understanding the relationship between fragility and cancer susceptibility. Thus, we have continued our detailed analysis of cancer cell-specific molecular alterations within and near FHIT intron 4, arguably the most fragile 250 kilobases (kb) of the human genome (6) .
As a prerequisite for these molecular studies, we have sequenced more than 870 kb of the FHIT͞FRA3B locus and, in a previous detailed analysis of FHIT alteration in intron 5, showed that carcinogen-induced damage at fragile sites flanking exon 5 frequently resulted in long interspersed nuclear elements (LINE)-mediated homologous recombination and damage repair with attendant FHIT region loss (7) . The previous study did not provide clues to mechanisms underlying fragility or to positions of many of the FRA3B landmarks (7, 8) . We have now mapped positions of FRA3B landmarks as well as deletion͞translocation breakpoints in cervical, lung, and esophageal cancer cells. Furthermore, to analyze structural characteristics of the DNA sequences that might be associated with fragility, we performed structural analysis by using the computer program F LEXSTAB, developed by Mishmar et al. (9) ; this program measures the flexibility parameter, which is expressed as fluctuation in the twist angle, and was developed for analysis of constitutive fragile site FRA7H. Flexibility plays an important role in protein-DNA interactions and affects chromatin condensation (9, 10); highflexibility regions were proposed to be susceptible to fragility through lack of completion of DNA replication. Such regions may also be susceptible to chromosomal rearrangements, integration of viral sequences, or hybrid breaks (9) .
The goal of our study was to provide further clues to mechanisms underlying fragility at FRA3B and the contribution of FRA3B fragility to cancer susceptibility. Our approach was to determine precise positions of FRA3B landmarks and cancer-specific FHIT deletions͞translocations relative to the structural features of the intron 4͞intron 3 sequence. Therefore, we determined the positions of LINE1 and other repetitive elements relative to cancer deletion breaks. Previously, we proposed that such repetitive elements participate in homologous recombination-mediated repair of damaged fragile regions (7). Additionally, we determined the frequency of flexible peak clusters and their relation to positions of fragile landmarks and cancer cell deletion endpoints in intron 4. Cell Lines. The human cancer cell lines Siha and HeLa (cervical carcinoma-derived) were obtained from the American Type Culture Collection, and H460͞H211 and H1573 (lung carcinoma-derived) were obtained from John Minna (University of Texas Southwestern Medical Center, Dallas). Previously, we have shown that H460 and H211 are identical genetically (11) . The following 27 esophageal carcinoma cell lines were obtained from the Department of Surgery, Medical
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Institute of Bioregulation, Kyushu University, Beppu, Japan: TE1, TE2, TE3, TE4, TE5, TE6, TE7, TE8, TE9, TE11, TE12, TE13, TE14, TE15, KYSE110, KYSE140, KYSE150, KYSE170, KYSE180, KYSE190, KYSE270, KYSE300, KYSE410, KYSE450, KYSE500, KYSE510, and KYSE700. Alterations of FRA3B͞FHIT in esophageal cancer have been reported (12) (13) (14) . We selected TE8, which has a homozygous deletion in intron 4, to use for determination of deletion endpoints of both alleles. TE8, KYSE170, and KYSE270 showed absence of FHIT transcripts by reverse transcription-PCR with primers UR5 and 06 (15) .
Sequencing. BAC DNA was prepared by Qiagen (Chatsworth, CA) Mini or Maxi prep kit according to the manufacturer's protocol. BAC DNA libraries for shotgun sequencing were constructed and sequenced as described (7) .
The final sequence of introns 4 and 5 was analyzed by using BLAST, REPEATMASKER, GRAILII, GENIE, GENEFINDER (FGENEH), and GENESCAN programs (16) (17) (18) (19) (20) (21) . Deletion Analysis. For determination of positions of cancer cell-specific homozygous deletions in intron 4, oligonucleotide primer pairs at 20-kb intervals (in repeat-free regions) were prepared for PCR amplification on cellular DNA templates. Positions of deletion endpoints were then narrowed to within several kilobases by using primer pairs at 3-kb intervals. PCRs were carried out as described (7).
Inverse PCR. We performed inverse PCR according to our previously described method (7), which was a modified version of the original method (22) . In brief, 3 g of source DNA was digested with 50 units of restriction enzymes with 4-to 6-bp recognition sites. After filling in incompatible cohesive ends with T4 DNA polymerase (New England Biolabs), cleaved DNAs were isolated after phenol-chloroform extraction and ethanol precipitation. For higher efficiency self-ligation (circularization), we introduced the following modification: the digested DNA was ligated in a 500-l reaction volume by using 10 units of T4 DNA ligase (Boehringer Mannheim), 10ϫ ligation buffer [20 mM Tris⅐HCl, pH 7.5͞1 mM EDTA͞5 mM DTT͞60 mM KCl͞50% (vol͞vol) glycerol], and incubation at 14°C overnight. After ethanol precipitation, the DNA was dissolved in 30 l of distilled water. The circular products of the ligation reactions were used as templates for PCR amplification as described (7) .
Analysis of DNA Helix Flexibility. Potential local variations in the DNA structure, referred to as DNA flexibility, were measured by using the F LEXSTAB program; flexibility, expressed as fluctuations in the twist angle, was originally Data are shown as total and percentage of (in parentheses) nucleotides. The sequence of the 0-to 120-kb region of intron 4 was reported previously (accession nos. AF020503 and U66722). The 120-to 308-kb region represents the newly sequenced region. Alu sequences are most frequent in the 240-to 308-kb region (7.8%). LINE1 sequences are notably more frequent in the 120-to 180-kb region (36.3%) than in other regions. The total LINE1 content is higher in intron 4 (16.6%) than in the previously sequenced region of intron 5 (15.1%). Long terminal repeat (LTR͞retroviral) elements are most frequent (5.7%) in the 180-to 240-kb region, especially in clusters around exon 4. MIR, mammalian-wide interspersed repeat; SINE, short interspersed nuclear elements; MaLR, mammalian LTR retrosequences; MER, medium reiteration frequency element. determined for the FRA7H fragile region by Mishmar et al. (9) . We used F LEXSTAB, obtained from the web site of Hebrew University of Jerusalem (10), for our analysis of the intron 4 sequence. The overlapping windows were 100 bp, and dinucleotide value was added along the window and averaged by the window length.
Immunohistochemistry. Expression of Fhit protein in fixed tumor sections was detected by immunohistochemical staining with a polyclonal serum specific for human Fhit as described (23) . The lung-cancer sections were kindly provided by Gabriella Sozzi (Istituto Nazionale Tumori, Milan, Italy) and Louise Fong (Thomas Jefferson University, Philadelphia).
RESULTS AND DISCUSSION
Sequence of the FHIT Gene from Intron 3 Through Intron 7. About 300 kb of the FHIT gene, covering FHIT exon 5 and portions of flanking introns 4 and 5 were sequenced previously (7, 8) . We have now sequenced the two contiguous flanking regions to supply a complete, assembled FHIT sequence from mid intron 3 to mid intron 7, a region of 870,169 nucleotides, including 63.7 kb of intron 3, the 243.9-kb intron 4, the 522.8-kb intron 5, the 2.6-kb intron 6, and a 36.5-kb portion of intron 7. The BACs 18C17, 358N7, 418F13, 417L10, and 488D22 were sequenced completely and assembled to obtain the final sequence. Positions of the BACs, previously sequenced regions, and the newly sequenced regions are illustrated in Fig.  1 . As also illustrated in Fig. 1 , a number of markers that were mapped previously (24) (25) (26) (27) (28) (29) (30) in the vicinity or within the FHIT gene have now been placed precisely within the sequenced region. Several markers within intron 3 had been mapped into intron 4 (30) . Likewise, marker D3S1234 had been thought to be in intron 8 (15) but is now mapped into intron 5. Two previously identified expressed sequence tags, D3S3866 and D3S3862 (29) , flank D3S1234 in intron 5. These expressed sequence tags were noted by Lux et al. (29) to be within the FHIT locus and were suggested as targets of loss in the region. These assembled expressed sequence tags are colinear with the genomic DNA sequence and do not show hallmarks of genes. Wang et al. (30) used primer pairs for many of these sequenced tagged markers to seek homozygous deletions in kidney and pancreatic cancer cell lines. We also tested some of the same kidney (A704, A498, Caki1, Caki2, and ACHN) and pancreatic (CFPACI, SU86, BXPC3, ASPCI, and MIAPACA2) cancer cell lines for markers D3S2977, D3S1300, exon 5, D3S2757, U39804, exon 4, D3S4260, and other markers. We did not observe the homozygous deletions in kidney cancer cell lines reported by Wang et al. (30) . We did observe a large homozygous deletion in pancreatic cancer cell line BXPC3, although the deletion included exon 5 as reported by others (31, 32), whereas Wang et al. (30) reported retention of exon 5. It seems unlikely that variation in cell lines is an explanation for these differences.
The new 180-kb sequence surrounding exon 4 was extensively analyzed for repetitive elements and regions with coding potential. No apparent CpG island was observed in this region, nor were other hallmarks of coding regions. As shown in Table  1 , the sequence of the first 120 kb of intron 4 was reported previously (accession nos. AF020503 and U66722). The 120-to 308-kb region represents the newly sequenced region. Our numbering of the intron 4 sequences begins with the last nucleotide of exon 5 serving as nucleotide 1 for our illustrations and discussion of the intron 4 and intron 3 sequence. LINE1 sequences are notably more frequent in the 120-to 180-kb region (36.3%) than in other regions. The total LINE1 content is higher in intron 4 (16.5%) than in the previously sequenced region (15.1%) flanking exon 5. LTR͞retroviral elements are most frequent (5.7%) in the 180-to 240-kb region, especially in clusters around exon 4. No CGG͞CCG or other expanded repeats were identified in intron 4. Thus, as suggested by previous data, the molecular basis for fragility of FRA3B is different from that of the rare fragile sites (7, 8) . There must be other components or structures that contribute to fragility.
Landmarks and Sequence Flexibility. Several groups have published sequence for regions of FRA3B͞FHIT, because it was a site for human papillomavirus-16 (HPV16) integration (24, 25) , aphidicolin-induced hybrid breaks (26, 27) , or cancer cell line deletion endpoints (7, 8) . We are now able to pinpoint the location of these breaks and insertions relative to nearby repeats and regions of high flexibility. As illustrated in Fig. 2,  seven aphidicolin-induced hybrid break cluster in intron 3 (see Fig.  2 and Table 2 ). The spontaneous cl3 hybrid break and the MTERF pseudogene are 21 kb from peak B. The flanking sequences of the HPV16 DNA cervical cancer integration site sequences (M33614 and M33613) are more than 20 kb from peaks C and E, respectively. Two lung cancer cell line deletion endpoints in intron 4, H1573 at 26.7 kb and H460͞H211 at 222 kb, are 29 kb and 6 kb, respectively, from the nearest peaks. The aphidicolin-induced hybrid breaks and pSV2neo integration sites have been considered definitive markers of the FRA3B fragile region, and thus, their positions near the region of high genome flexibility suggest that such flexibility does indeed contribute to fragility and to the recombinogenic activity of this highly active common fragile region. The   FIG. 3 . Fragile region topography near cancer cell breakpoints. Depiction of 10 deletion endpoints relative to L1 elements (L1 sequences of Ͼ1 kb, bold arrows; L1 sequences of Ͻ1 kb, small arrowheads) and LTR͞retroviral elements. The four squares enclosing L1 elements emphasize that the TE8 breakpoints, the telomeric Siha breakpoint, the translocation point, and the telomeric breakpoint of H1573 are located within or near L1 elements. The two circles enclosing LTR arrowheads stress that the H460͞H211 breakpoints and the centromeric breakpoint of Siha allele a are near LTR͞retroviral elements. The dashed vertical lines represent the flexibility spikes A-G (shown in Fig. 2 ) and show the position of flexibility͞fragility spikes relative to cancer cell deletions. For the HeLa and TE8 cell lines, the exact structure of the b alleles in this region is not yet known. Positions of landmark hybrid breaks, cancer breaks, and repetitive sequences (LINE1 and LTR) near the seven flexibility peaks are listed. Sequences of peaks C and G showed 90% homology with each other over 40 bp. Aphidicolin-induced distal and proximal hybrid breaks (underlined) are close to peak A (0.35 kb) and not far from peak G (7.1-7.6 kb), respectively. ͞t, telomeric; ͞c, centromeric of indicated flexible peak.
spontaneous hybrid break in hybrid cl3 is not at a flexible peak, and neither are cancer breaks and HPV integration sites. Thus, it may be that different carcinogenic agents break the region in different sequences or that after repair of fragile gaps, we cannot determine, in most cases, the sequence where the original break occurred.
Cancer Cell Deletion Endpoints. Esophageal cancer cell lines were examined for deletions, and six (TE8, KYSE170, KYSE190, KYSE270, KYSE410, and KYSE450) showed homozygous deletions in introns 4 and 5. We selected TE8 with a homozygous deletion in intron 4 for detailed analysis of deletion endpoints. Two cervical cancer cell lines, Siha and HeLa, and two lung cancer cell lines, H460͞H211 and H1573, were also analyzed for homozygous deletions in intron 4. We sequenced and mapped positions of 10 breakpoints of these five cancer cell lines, and results are illustrated in Fig. 3 .
In Siha cells, independent deletions of 254 kb and 213.1 kb occurred on the two alleles at positions 9.3-263.3 kb for allele a and 18.8 kb telomeric to the splice donor site of intron 5 to 194.3 kb for allele b, with a 185-kb overlapping region of homozygous deletion at 9.3-194.3 kb. In HeLa cells, one breakpoint for allele a was observed at position 211 kb. In TE8 cells, two breakpoints were found at positions 26.1 kb and 101.5 kb for allele a, which was observed as a homozygous deletion. In H460͞H211 cells, deletion of 238 kb was observed from 16.4 kb telomeric of the splice donor site of intron 5 to 222 kb for allele a. In H1573 cells, independent deletions were observed at positions 26.7 kb for allele a and 27.1-109.4 kb for allele b, with a 82.3-kb overlapping region of deletion at 27.1-109.4 kb.
Cancer Breakpoints and Repetitive Sequences. As detailed in Table 2 , the deletion͞translocation breakpoints in the five cancer cell lines are not positioned near flexibility peaks as were the aphidicolin-induced hybrid breaks. Thus, for the cancer cell line deletion endpoints, we looked for nearby repetitive sequences that might have played a role in repair of carcinogen-induced damage to FHIT͞FRA3B. A recent study reported an important role for LINE1 in repair of deleted regions by nonhomologous recombination or unequal homologous recombination (33) , and previously, we have shown that 16 of 21 cancer cell deletion endpoints were in or near LINE1 elements (7) . In TE8 cells, both deletion endpoints on allele a were close to L1 elements (Fig. 3) . In Siha allele a, the deletion endpoint positioned at 9.3 kb was located near an L1 element. The two breakpoints of H1573 allele b were located near or within L1 elements. The H460͞H211 allele a endpoint and the centromeric breakpoint of Siha allele a were near LTR͞ retroviral elements, as summarized in Fig. 3 . H1573 allele b showed high sequence homology (79.4%) of LINE1 elements near both breakpoints (Fig. 4A) . Similarly, in the TE8 allele a, LINE1 sequences near the two breakpoints were 79.5% homologous with each other. In Siha allele a, the telomeric breakpoint was located near LINE1 sequences, and two homologous unique sequences were observed near the two deletion endpoints. Thus, 6 of 10 deletion endpoints were near L1 sequences. Siha allele b showed 79.4% homologous unique sequences within Alu repeats near both breakpoints. We have shown a simple model (Fig. 4B) suggesting how homologous 
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Medical Sciences: Mimori et al. Proc. Natl. Acad. Sci. USA 96 (1999) regions might contribute to deletion͞repair. Both H1573 alleles and a TE8 allele show one very similar deletion endpoint within 1.0 kb of each other near a LINE1 (Ͼ1 kb) element at 26-27 kb. Interestingly, deletion endpoints near this same L1 element have been reported for three deleted cancer alleles, two in colon cancer and one in a nasopharyngeal cancer cell line (7), reinforcing the role of L1 homology in recombination at these loci. Thus, there are very frequently homologous sequences near deletion endpoints in rearranged FHIT alleles of cancer cells; LINE1 elements are frequently but not invariably involved. As summarized in Table 2 , the nucleotide positions of deletion endpoints were not located near peaks of high flexibility. Only the aphidicolin-induced fragile region landmarks, such as the hybrid breaks and pSVneo integration sites (not shown), mapped at flexibility peaks. If flexibility peaks truly represent fragile sites, each of the other breaks mapped may represent the loci after the damage to the fragile sites has been repaired. Thus, it may be that how the locus is repaired and what the homologous region uses in repair depends on where the original damage to the fragile locus occurs. For example, if the sequence at a flexible peak is damaged by carcinogen metabolites, the type of repair may depend on the types of repeats flanking the damaged peak.
In addition, it is possible that the specific fragile sites͞peaks most susceptible to damage may depend on tissue type and the inducing carcinogen. Primer sequences flanking the flexible peaks and other fragile region landmarks may be used to look for polymorphisms across the fragile region in the human population and to seek correlations of specific polymorphism classes with cancer susceptibility.
Effect of Deletions on Expression of Fhit. The H460͞H211 cells show a homozygous deletion within FHIT intron 5 (not shown), but that homozygous deletion represents the overlap region of independent deletions of the two alleles. Allele b retains all of the region from intron 3 through exon 5 shown in Fig. 3 but is missing exons 6-8 as described (11) . Allele a, as shown in Fig. 3 , is missing exon 5 and most of intron 4; thus, these cells cannot produce Fhit protein. However, allele a of Siha and allele b of H1573 retain exons 5-9 of FHIT (not shown) but express very little Fhit protein (see Fig. 5 , for example), suggesting that alterations within FHIT introns can affect the level of protein expression, possibly through an effect on mRNA stability or efficiency of processing.
